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The objectives of the current study were twofold: (i) to investigate the neural precursors of the formation of
a subjective preference of facial stimuli, and (ii) to characterize the spatiotemporal brain activity patterns
distinguishing between preferred and non-preferred faces. Multivariate EEG signals were recorded while
participants made preference decisions, based on approachability, between two faces presented sequentially
with unrestricted viewing time; the decision being made after presentation of the second face. The paired
faces were similar in their physical properties, emphasizing the role of the subjective experience of the
participants in making the decisions. EEG signals were analyzed in terms of event-related-potential (ERP)
components and wavelet-based time-frequency-representations (TFR). The behavioural data showed that
the presentation order and the exposure duration did not inﬂuence preference formation. The EEG data
showed three effects. The earliest effect, the sustained posterior ERP positivity for preferred ﬁrst faces as
compared to non-preferred ﬁrst faces, was found following the onset of the ﬁrst face, and this was
interpreted as the formation of a positive ﬁrst impression of the ﬁrst face. The two later effects following the
second faces were an increase of frontal theta band oscillations around 500 ms for preferred second faces and
of posterior gamma band oscillations around 650 ms for preferred ﬁrst faces; both of which were interpreted
as being related to the formation of a preference. All of these effects occurred well before the moment of
conscious decision, thereby suggesting the implicitness of these neurally identiﬁable components.
© 2010 Elsevier Inc. All rights reserved.
Introduction
Rapid inference based on faces can greatly inﬂuence diverse social
decisions, ranging from selection of friends and mates (Johnston,
2006) to political voting choices (Antonakis and Dalgas, 2009;
Todorov et al., 2005). Facial attractiveness is an important factor
underlying such inferences. Available literature on facial attractive-
ness largely focuses on the speciﬁc physical attributes which make a
face attractive (Thornhill and Gangestad, 1999), and on the neural
responses associated with evaluating facial attractiveness (Johnston
and OliverRodriguez, 1997; Werheid et al., 2007; Winston et al.,
2007). Yet less is known about how we decide which face we prefer
when these and other facial attributes like gender, age, race, and facial
emotions are very similar. In such cases, the physical characteristics of
the faces will have less of an inﬂuence, and the choice will mostly be
determined by the subjective experience of the decision maker
(Corrado et al., 2009).
Decision making in general is a two-stage process (Glimcher,
2009): the ﬁrst stage is the evaluation of each of the discrete options
presented, and the second stage is the selection of one option, usually
indicated by an overt response (Bogacz et al., 2006; Corrado et al.,
2009). The relation between orientation on the discrete options and
the formation of a preference for one of these options was studied
recently by Shimojo and coworkers (2003), who showed that when
participants were asked to indicate which of two simultaneously
presented faces they preferred, the probability of the participant's
orientation towards the eventually preferred face rose as the moment
of conscious decision neared. This ﬁnding suggests that orientation
and preference are linked in a positive feedback loop, resulting in
what is termed as the “gaze cascade effect” (Shimojo et al., 2003).
Interestingly, the onset of the gaze cascade effect starts a
considerable amount of time–up to 1 s–before the conscious decision
is made, which suggests a mostly implicit route of preference
formation. This is in agreement with previous research that has
shown that decisions of facial preference are often made without an
explicit awareness (Johansson et al., 2005). Tracking the neural
responses while the participant makes a preferential decision might
therefore provide a unique window into the mental processes
underlying subjective decision making that might be not, or only
partly, available to conscious awareness.
The current study addressed this issue by recording multivariate
EEG signals while participants made preference decisions between
two faces that were presented sequentially and with unrestricted
viewing time. The paired faces were very similar in their physical
NeuroImage 50 (2010) 1626–1632
⁎ Corresponding author. Department of Psychology, Goldsmiths, University of
London, New Cross, London SE14 6NW, UK. Fax: +44 20 7919 7873.
E-mail address: j.bhattacharya@gold.ac.uk (J. Bhattacharya).
1053-8119/$ – see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.neuroimage.2010.01.079
Contents lists available at ScienceDirect
NeuroImage
j ourna l homepage: www.e lsev ie r.com/ locate /yn img
Author's personal copy
properties and approachability ratings, thus forcing the preferential
decisions to be made primarily on the subjective experience of the
decision maker. We analyzed both the traditional averaging-based
event-related-potential (ERP) components and the wavelet-based
oscillatory components of the EEG. Due to the complex nature of the
task, which involves predominantly endogenous processing, oscilla-
tory content of the induced neural activity was predicted to be a more
suitable measure of mental processing, as large scale neural oscilla-
tions have widely been implicated in complex cognitive tasks (Cohen
et al., 2009; Sheth et al., 2009).
When asked to evaluate facial attractiveness, an individual may do
so differently for a face of the same sex than they would for a face of
the opposite sex, as this construct is strongly associated with mate
selection (Johnston, 2006). Consequently, the participants in the
present study were asked to base their preference decisions on an
evaluation of approachability (Adolphs et al., 1998; Martens et al.,
2009). The construct of approachability is simple to understand,
positively correlated with social attractiveness (Keating, 2002),
neutral with respect to sex differences, and a direct measure of real-
life social judgment.
Due to the sequential presentation of the facial stimuli, the
preferential decision would only bemade after the presentation of the
second face, as it was assumed that participants would make their
decision based on the evaluation of both options, which is a usual
assumption in a standard two-alternative forced-choice task para-
digm (Bogacz et al., 2006; Corrado et al., 2009; Glimcher, 2009). In
addition to cognitive evaluation of the stimuli, emotional appraisal is
considered an inherent component of the decision making process
(Damasio et al., 1996; Litt et al., 2008), especially when it involves a
preference decision (Bechara et al., 2000). If we assume that emotions
operate along the dimension of approach and aversion (Davidson et
al., 1990), then different predictions can be made regarding the
mental processes, and the oscillatory neural correlates of these
processes, associated with forming a preference for the ﬁrst or for
the second face. A preference for the second face, which would be
available on-screen at the time of decision, was predicted to result in a
relative processing bias towards this face, accompanied by a relative
bias against the ﬁrst face, which by the time of decision would be
available only through the reactivation of its memory trace. In
contrast, a preference for the ﬁrst face was predicted to result in
opposite effects, i.e. a bias towards the reactivation of the memory
trace of the ﬁrst face accompanied by a bias against the processing of
the second face.
Frontal theta band activity has previously been found to be
dependent on working memory load (Gevins et al., 1997; Jensen and
Tesche, 2002; Klimesch et al., 2005). A preference for the second face
might therefore be reﬂected by relatively increased frontal theta band
oscillation following its onset, while a preference for the ﬁrst face
might be reﬂected by relatively reduced frontal theta band oscillation
during the same time period. On the other hand, increased posterior
gamma band oscillation has previously been found to reﬂect a
stronger reactivation of visual representations and successful memory
retrieval (Jensen et al., 2007; Osipova et al., 2006). A preference for the
ﬁrst face might therefore be associated with relatively increased
posterior gamma band activity during presentation of the second face,
while a preference for the second face might be associated with
relatively reduced posterior gamma band activity during the same
time period.
Although we assumed that the subjective decision would be made
only after viewing (and evaluating) both faces, we did not rule out the
inﬂuence of ‘ﬁrst impression' on the formation of the ﬁnal choice
(Ambady and Skowronski, 2008). A post-hoc distinction based on the
participants' choice (preferred vs. non-preferred) revealed subset of
faceswas favourably evaluated andwhichwas not. Previous ERP studies
have showna late positive ERP complex for attractive faces as compared
to less attractive faces (Johnston andOliverRodriguez, 1997;Werheid et
al., 2007). Based on the close relationship between approachability and
attractiveness of faces (Keating, 2002) we assumed that the subset of
preferred faceswould be evaluated asmore attractive than the subset of
non-preferred faces, and might accordingly show a late positive
deﬂection of the ERP reﬂecting this evaluating process.
So, the objectives of the current study were twofold: First, this
study aimed to investigate the neural precursors of the formation of a
subjective preference. Preference for the second face was predicted to
result in a processing bias towards this face, which was the option
available on the screen at the time of decision, reﬂected by a relative
increase in frontal theta band activity, while preference for the ﬁrst
face was predicted to increase the reactivation of the visual
representation of that face, resulting in a relative increase in posterior
gamma band activity. Second, this study aimed to characterize the
spatiotemporal brain activity patterns distinguishing between the
preferred and the non-preferred faces. We predicted that preference
would be reﬂected in the late positive complex of the ERP following
face onset for the subset of preferred faces.
Materials and methods
Eighteen volunteers (4 men and 14 women, with an age range of
18–35 years) were recruited from the local student community at
Goldsmiths via advertisements and gave written informed consent
before participation. They were paid a ﬁxed amount for their
participation. The study protocol was approved by the Internal Ethics
Committee at Goldsmiths.
The participants made a preferential decision of approachability in
a two-alternative forced-choice task paradigm, in which they were
instructed to choose a face out of two options that they would most
like to approach and to talk to (Adolphs et al., 1998). As discussed by
others (Adolphs et al., 1998; Martens et al., 2009), approachability is a
suitable measure based on whose characteristics social judgments are
commonly made.
Each trial started with the presentation of a ﬁxation cross for
500ms, followed by the onset of the ﬁrst face (Fig. 1). The participants
were free to look at the face as long as they wanted. Following a key
press made by the participant, the ﬁrst face was replaced by a ﬁxation
cross for 500 ms, after which the second face was presented. The
viewing durations of both faces were solely determined by the
participants on a trial by trial basis. In order to maximize subjective
decision making, the viewing duration of both faces was unrestricted,
and solely determined by participants on a trial by trial basis after the
results of Shimojo et al., (2003). Further, this allowed the investiga-
tion of a possible relationship be tween self-determined orientation
and subsequent choice (a subjective version of the mere exposure
effect (Zajonc, 1968). Participants indicated their preferred face by
making a left or right hand response (counterbalanced across
participants). The participants were instructed to choose the face
that they would most like to approach and to talk to (Adolphs et al.,
1998). The face pairs in each trial were matched for gender, race, age,
and independently obtained ratings of approachability (n=5;
separate group of participants). The stimuli used in this study
consisted of computer-generated human faces (www.facegen.com)
which were used in previous studies on face preference decisions
(Kim et al., 2007; Simion and Shimojo, 2006).
The unresctricted viewing time of the stimuli in the current task
resulted in large variations in response time.However, too short a trial is
indicative of a lack of adequate sampling of the choices (i.e. faces), and
too long a trial might be suggestive of uncontrolled deliberation.
Therefore, in order to increase the comparability of trials and to ensure
that decisions were based on a proper assessment of the visual
information presented, only trials with reaction times within the
range of 500–2500 ms for the ﬁrst face and 1000–2500 ms for the
second face were included; this amounted to approximately 58% of all
the trials.
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EEGs were recorded using 64 active electrodes placed according to
the extended 10-20 system, and ampliﬁed by a BioSemi ActiveTwo®
ampliﬁer. The vertical and horizontal electro-oculograms (EOG) were
recorded from four additional channels to monitor eye movements
and blinks. The sampling rate was 512 Hz. The EEG data were re-
referenced off-line to the average of two mastoids, and high-pass
ﬁltered at 1 Hz. Trials containing artefacts (8% of selected trials) were
discarded after visual inspection, and eye blinks were corrected using
independent component analysis. For two participants no artefact-
free data segments following the ﬁrst face remained after the
exclusion of trials based on reaction times, and their data were
discarded from EEG analysis.
We performed two types of EEG analysis: (i) the standard time-
domain averaging technique to analyze the event-related-potential
(ERP), and (ii) the wavelet-based time-frequency-representation
(TFR) to analyze the spectral power of the underlying brain
oscillations. ERPs were calculated for the 100-ms pre-stimulus to
the 500-ms post-stimulus interval and were base-line corrected with
respect to the pre-stimulus interval as baseline. The TFR was obtained
by means of a 5-cycle complexMorlet wavelet. In the frequency range
of 5–12 Hz, the TFR was computed in frequency steps of 1 Hz, in the
range of 14–32 Hz in frequency steps of 2 Hz, and in the range of 36–
60 Hz in frequency steps of 4 Hz. For each of the standard frequency
bands (theta (5–8 Hz), alpha (8–12 Hz), beta (12–32 Hz), lower
gamma (32–40 Hz), and higher gamma (40–60 Hz)), the spectral
power was calculated by averaging over the constituent frequencies.
Due to the sequential presentation of the faces in the current
study, different mental processes can be assumed to occur after the
presentation of the ﬁrst and the second face. The ﬁrst face is more
likely to be judged on an absolute scale or on a global standard of
approachability. In contrast, the second face will be judged in relation
to the memory of the ﬁrst face, and is therefore likely to be evaluated
on a relative scale. So, there is both a difference in the type of
evaluation and in the memory load between the ﬁrst and second face
processing. Therefore, our EEG analysis focused on differences in EEG
responses between preferred and non-preferred faces, either sepa-
rately for the ﬁrst and the second face or grouped over the ﬁrst and
second faces.
Differences in the ERPs were tested for statistical signiﬁcance
(pb0.05) by using a 2×5×4 repeated-measures ANOVA with the
following factors: choice (two levels: preferred and non-preferred),
time (ﬁve levels: 0–500 ms post-stimulus time period equally divided
into ﬁve non-overlapping time windows of 100 ms each), and region
(four levels: left/right anterior/posterior, where these four regions
were deﬁned as the quadrants resulting from a split along the central
and the midline electrodes, which were excluded from selection),
either separately for the ﬁrst and the second face or grouped over the
ﬁrst and second faces. The degrees of freedom were Greenhouse-
Geisser corrected for non-sphericity, and post-hoc analyses were
done, when required, by pair-wise contrasting the levels in the
ANOVA.
Differences in the TFRs were tested for statistical signiﬁcance
(pb0.05) using a non-parametric cluster-based permutation test
(Maris and Oostenveld, 2007; Sandkühler and Bhattacharya, 2008).
This approach is preferred over traditional parametric tests since it
avoids the notorious multiple comparison problem (the large number
of data points in TFR results leads to an exceedingly high number of
statistical tests and thus inﬂates the probability of a false rejection)
and controls the Type-I error rate. The method consists of the two
following steps. First, clusters in the three dimensional space of time,
frequency and electrode were deﬁned by grouping neighbouring data
points that show a signiﬁcant effect (pb0.05) of condition (preferred
vs. non-preferred) in paired two-tailed t-tests, and a cluster-level
statistic was calculated by summing the t-values of the data points in
each cluster. In the present study, electrodes were considered to be
neighbours in the spatial domain if the distance between them was
below 5 cm, and signiﬁcant data points were considered to be part of a
cluster if at least four of its neighbours were also found to be
signiﬁcant. Second,Monte Carlo randomizationwas used to obtain the
exact probability that a cluster with the maximum cluster-level
statistic was observed under the assumption that the TFR proﬁles of
the two conditions were equal. A histogram of maximum cluster-level
statistics was obtained by calculating the cluster-level statistic a large
number of times (1000 times in the present analysis) on random re-
samples of the pooled data of the two conditions. This histogram was
subsequently used to calculate the probability of obtaining a cluster-
level statistic at least as extreme as the observed maximum cluster-
level statistic - in other words the p-value for that cluster. These steps
were then repeated for the lower ranking cluster-level statistics.
The cluster based permutation test was applied to the absolute
spectral power values in the three standard frequency bands (theta,
alpha, and beta) in the time interval of 200 to 800 ms post-stimulus,
equally divided into time bins of 100 ms but with an overlap of 50 ms.
Since the time interval before the onset of the second face cannot be
regarded as a neutral baseline period due to the potential differen-
tiating effects of preferred or non-preferred ﬁrst face, the use of
absolute power but not relative (with respect to baseline) power
values was considered more appropriate. Only for the gamma bands
(both lower and higher gamma), the relative power was used due to
high variability of absolute gamma band spectral power across
Fig. 1. Outline of a single trial (see Materials and methods for details). F1/2 and RT1/2
indicate onset and reaction time of the ﬁrst/second face, respectively.
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participants and trials. Therefore, the permutation test was applied to
the gamma band activity (32–60 Hz) which was relative to the 100-
ms interval before stimulus onset and divided into the same time
windows as deﬁned above.
Results
Behavioural data analysis
The average images of preferred and non-preferred faces were
found to be almost identical (Fig. 2). Further, no clear bias of
preference (or non-preference) towards any particular face was
observed. These results indicate that the preference decisions taken
by the participants were indeed subjective.
Our behavioural data showed (i) no order effect: the average
probability that ﬁrst face was preferred (0.51±0.08) did not differ
signiﬁcantly from 0.5 (t(17)b1), and (ii) no exposure effect: the
viewing time for preferred faces (1518±260 ms) did not differ
signiﬁcantly (t(17)b1) from the viewing time for non-preferred faces
(1535±260 ms). These results indicate that order (i.e. presentation
sequence) and exposure (i.e. the viewing time for individual faces) did
not signiﬁcantly inﬂuence preference formation in the present study.
ERP analysis
Although a preference decision is expected to be made only after
viewing the second face, it is quite possible that the preferred face,
regardless of whether it was presented ﬁrst or second, elicited a
different response to the non-preferred face. In order to test for this
possibility, we pooled the ERPs over ﬁrst and second faces, and found
that preferred faces in contrast to non-preferred faces were associated
with a signiﬁcantly different spatial distribution of the ERP responses
(F(1.58, 23.69)=3.92, p=0.042). Interestingly, this effect wasmainly
caused by the ﬁrst face, as indicated by a signiﬁcant interaction
between choice (preferred vs. non-preferred) and brain region
following the ﬁrst face (F(1.46, 21.93)=4.50, p=0.033), and not
following the second face, as no signiﬁcant interaction was found
following the second face (F(2.06, 30.90)=0.45, p=0.65). Post-hoc
analysis showed that the ERP for preferred ﬁrst face as compared to
non-preferred ﬁrst face was associated with more right posterior than
left anterior activity (F(1, 15)=7.09, p=0.018), more right anterior
than left anterior activity (F(1, 15)=4.60, p=0.049), and more right
posterior than left posterior activity (F(1, 15)=4.84, p=0.044).
These results indicate that impressions of the ﬁrst faces that were
eventually preferred were associated with relatively stronger sus-
tained activity over right posterior regions combined with relatively
weaker sustained activity over left anterior regions for the 500-ms
interval following the onset of the ﬁrst face (Fig. 3). Although no
signiﬁcant interaction effect with time was found, this difference in
spatial distribution for the contrast between preferred and non-
preferred ﬁrst face was most pronounced between 200 and 400 ms
after stimulus onset.
TFR analysis
When TFRs for preferred faces (irrespective of the order of faces)
were contrasted with the TFRs for non-preferred faces we did not ﬁnd
any statistically signiﬁcant differences, nor did we ﬁnd any signiﬁcant
differences when the comparison was made between preferred and
non-preferred faces' TFRs following the onset of the ﬁrst face. Robust
differences were observed, however, between preferred and non-
preferred faces' TFRs between 400 and 800 ms after the onset of the
second face. Analysis of the absolute power values showed that
preferred, compared with non-preferred, second face was associated
with an increased theta band activity around 500 ms over the left
frontal and fronto-central electrodes, p=0.041 (Fig. 4A,B). Addition-
ally, the analysis of relative power in the gamma band showed
decreased activity for the preferred second face around 650 ms over
central and left parieto-occipital electrodes (Fig. 4C,D), and this effect
was strongest in the 40–60 Hz range, p=0.005. It should be stressed
here that these effects are differential: higher theta power was
associated with preferred second face and higher gamma power was
associated with preferred ﬁrst face.
Discussion
The present study investigated the electrical brain responses
during the formation of a preference decision made between faces in
a two-alternative forced-choice paradigm. Particular carewas taken to
match the face pairs in terms of their physical attributes and ratings of
approachability obtained from an independent group of observers,
thus increasing the role of the subjective experience of the decision
maker in the decision making process. While it could be possible that
small differences between the two faces that were difﬁcult to detect in
single face-pairs consistently biased the decision (Kontsevich and
Tyler, 2004), our post-hoc analysis of the face stimuli showed that the
averaged preferred and non-preferred faces were almost indistin-
guishable (Fig. 2), making this quite unlikely. Furthermore, faces were
chosen equally as preferred and as non-preferred across participants.
Taken together, this suggests that the preferencedecisionsmade in our
studywere predominantly based on subjective evaluation of the faces.
This study identiﬁed two neural precursors of the formation of
subjective preference. During preference formation, i.e. following the
onset of the second face, two effects were observed in the TFR
patterns: trials with preferred second faces were associated with
increased frontal theta band activity at 500 ms and trials with
preferred ﬁrst faces were associated with increased posterior gamma
band activity at 650 ms. We interpret the increased frontal theta band
effect as reﬂecting enhanced processing of the second face stimulus.
The conspicuous left lateralization of this effect might correspond to
the theory of frontal EEG asymmetries that associates these areas with
positive affect and approach behaviour (Davidson et al., 1990),
although the absence of theta effects after the ﬁrst face does not
unequivocally support this account. It could be noted that this frontal
theta effect occurs approximately 1 s before the moment of decision,
coinciding with the onset of gaze bias (Shimojo et al., 2003), so
it might be linked to the initiation of an implicit component in
preference decision processing which is possibly not accessible to
conscious awareness (Kim et al., 2007).
The posterior gamma band effect around 650 ms after the onset of
the second face is taken to reﬂect the successful retrieval and stronger
reactivation of the visual representation of the ﬁrst face. It has been
shown recently that a left-posterior lateralization of gamma band
power is associated with conscious elaboration of facial stimuliFig. 2. Overall average of preferred (left panel) and non-preferred (right panel) faces.
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(Balconi and Lucchiari, 2008). Therefore, the present gamma effect,
which is also left lateralized, might reﬂect an interaction between a
relative preference for the ﬁrst face and retrieval of its attributes from
memory followed by possible elaboration.
The frontal theta effect is further likely to be linked to an enhanced
emotional arousal by the preferred faces since emotionally pleasant,
as opposed to unpleasant, stimuli have been associated with an
increase of frontal midline theta power (Sammler et al., 2007).
However, if this is the case, the successful reactivation of the ﬁrst face
from visual memory when the ﬁrst face was subsequently preferred
should be followed by a positive emotional appraisal and an increase
in frontal midline theta activity. Closer inspection of our data indeed
revealed a trend in the theta band oscillation tentatively supporting
this account. As can be seen in Fig. 4A, frontal theta band activity
increased around 750 ms after onset of the second face when the ﬁrst
face was subsequently chosen. Time-wise this occurred after the
posterior gamma band effect at 650 ms post stimulus, which we
interpreted earlier as the successful reactivation of the visual memory
of the ﬁrst face. Altogether, this supports the idea that this
enhancement of theta band power might be the result of a positive
appraisal of the chosen face.
In addition to these TFR effects associated with the formation of a
subjective preference, an ERP marker that distinguished between
preferred and non-preferred faces was also observed in the current
study. Interestingly, this effect of preference was not independent of
the serial position of the face. A sustained posterior positivity
Fig. 3. ERPs following the onset of the ﬁrst face. (A) ERPs for the left anterior (LA), right anterior (RA), left posterior (LP), and right posterior (RP) electrode clusters, separately for
trials on which the ﬁrst face (blue) or the second face (red) was subsequently preferred. (B) Topographical maps of themean ERP between 200 and 400ms after onset of the ﬁrst face
for preferred ﬁrst face (left panel), preferred second face (middle panel), and the difference between preferred ﬁrst and second face (right). ERP amplitude (μV) is colour-coded.
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following the onset of the face stimulus when that face was
subsequently preferred was observed only after the onset of the
ﬁrst face. Previous ERP studies have shown a late positive complex
(LPC) for attractive faces as compared to less attractive faces
(Johnston and OliverRodriguez, 1997; Werheid et al., 2007), but also
for emotionally signiﬁcant words (Naumann et al., 1997) and pictures
(Schupp et al., 2003), and this effect is considered to be a marker of
enhanced evaluative processing (Johnson, 1986). The reported
sustained posterior positivity related to preference found in the
current study could reﬂect an enhanced processing due to a more
positive ﬁrst impression. It is particularly noteworthy that this
enhanced ERP to the ﬁrst face was observed even when the two
faces were in general very close in their baseline approachability (see
above in Results and Fig. 2). No statistically signiﬁcant differences
were observed between the ERPs of preferred and of non-preferred
faces following the onset of the second face, presumably due to the
fact that the second face is evaluated not in isolation but relative to the
ﬁrst face. Such processes involved in preference formation are likely to
be endogenous and to elicit non-time-locked brain responses which
are absent in the ERP.
Let us offer a few critical remarks. First, in this study the face
stimuli were presented sequentially at the centre of the screen, in
contrast to the simultaneous presentation used in previous studies of
preference decision making (Shimojo et al., 2003), to minimize ocular
artefacts due to saccades. Importantly, this did not result in an order
effect (Mantonakis et al., 2009; Moore, 1999), where the order in
which choices are presented could inﬂuence the preference towards
them. We suggest that this absence of an order effect is primarily
caused by the free-viewing nature of the task, which allowed the
participants themselves to control the viewing time to individual
choices (i.e. faces). Second, the unrestricted viewing time of the faces
in the current experimental design might have introduced uncon-
trolled variables affecting the decision making process. Despite the
possibility of introducing such variables, previous research has shown
that with unrestricted viewing time universal yet hidden features of
subjective decisionmaking can still be revealed (Shimojo et al., 2003).
Importantly, since we were speciﬁcally interested in subjective
decision making, we needed to hand over the control of stimulus
exposure to the participants. The resulting variation in response time
due to the unrestricted viewing time was dealt with during data
processing by only analyzing those trials with a response time that
was indicative of a proper assessment of the stimuli. Although this
step increases the comparability of the analyzed trials, some
information was likely to be lost as well. Third, we did not ﬁnd any
signiﬁcant role of overall orientation (i.e. exposure duration) on the
formation of the preferences: preferred and non-preferred faces were
viewed for a similar amount of time. This might seem at odds with the
mere exposure effect (Zajonc, 1968) which indicates a positive
relationship between overall exposure and preference. However, the
overall exposure as determined by the repetitive presentation of a
choice in the mere exposure effect is not the same, at least in a
functional sense, to the uninterrupted self-controlled exposure to a
Fig. 4. A) Absolute power in the theta band (5–8 Hz) following onset of the second face, separately for trials on which the second face (blue) or the ﬁrst face (red) was subsequently
preferred. B) Scalp distribution of difference between preferred second and preferred ﬁrst face at the time point where the difference is maximal as indicated by the dotted line in A.
C) Power (in dB) in the gamma band (40–60 Hz) following onset of the second face, relative to the 100 ms interval before stimulus onset (color scheme as in A). D) Scalp distribution
of difference between preferred second and preferred ﬁrst face at the time point where the difference is maximal as indicated by the dotted line in C. Data in A and C are averaged
over the electrodes yielding signiﬁcant differences and plotted for time bins of 100 ms with a 50 ms overlap. Highlighted areas on the x-axis indicate the time-window in which
cluster is signiﬁcant. Highlighted positions in B and D indicate constituent electrodes of signiﬁcant clusters.
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choice in this study. Alternatively it is also likely that a part of, as
opposed to the overall, exposure might inﬂuence preference (Shimojo
et al., 2003).
In summary, we have identiﬁed three EEG components associated
with subjective decision making of facial preference. Two of these
effects, the modulation of frontal theta band and posterior gamma
band oscillation after the onset of the second face, were interpreted as
being related to the formation of a subjective preference. The third
effect, the sustained posterior positivity following the onset of the ﬁrst
face, was interpreted as reﬂecting a positive ﬁrst impression of that
face. All of these components occur well before the moment of
conscious decision, thereby suggesting the implicitness of these
neurally identiﬁable components.
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